Abstract: Characterization of coarse fractions of kaolin clay from two locations in Puolanka (Pihlajavaara and Poskimäki) was performed in order to find potential applications for these materials in water and wastewater treatment as low-cost adsorbents or as a raw material for other uses. The effects of wet and dry fractionation methods and the annealing of the sample on the properties of the coarse fractions were studied. The coarse fractions contained mainly quartz, while the kaolinite content was considered low. The Poskimäki (PM) clay had a higher specific surface area (SSA) and cation exchange capacities (CEC) than the Pihlajavaara (PV) clay due to a higher amount of iron. Annealing (800°C) decreased the SSA and CEC. The fractionation method had only a minor effect on particle size distribution. PV and PM colloidal suspensions had a negative zeta potential at natural pH values. Very small amounts of contained elements (Al, Si, Ca, Mg, K, Cd, Co, Fe, Mn, Cr, Ni, Cu, Zn, Pb, Ba) were dissolved from samples at natural pH values. PM clay could be utilized in water treatment for example as a raw material in iron oxide-coated sands. For this purpose, the wet fractionated samples had a higher content of iron than the dry fractionated samples.
Introduction
A common technological trend worldwide is the development of cheap adsorbents for wastewater treatment from locally available materials such as agricultural wastes (e.g. rice, wheat and coconut), clay materials (kaolinite and montmorillonite), and industrial waste products (fly ash and furnace slag). The increasing need to reduce the water consumption and to circulate water in industrial processes * E-mail: tiina.leiviska@oulu.fi forces the development of cost-effective treatment methods. Also the ever stricter regulations from environmental authorities will increase the need for supplemental treatment stages at wastewater treatment plants. Kaolin clay is a good material for the adsorption of heavy metals [1] and lipophilic extractives [2] . The adsorption capacities are, however, much lower with kaolinite than for example with montmorillonite, a swelling clay mineral, due to a lower surface charge and cation exchange capacity. The adsorption capacity of kaolinite can be increased by modifying the kaolinite by different techniques such as pillaring with inorganic or organic compounds or acid activation [3] . Also the clay materials coated naturally with iron compounds have been shown to be potential low-cost adsorbents for wastewater treatment [4, 5] . In Puolanka, Finland, different kaolin clay deposits have been examined towards the use of the fine fractions in cement products. Kaolin clay as a reactive additive in cement can increase the durability of concrete [6] . As the kaolinite group minerals enrich to the fine fractions, the remaining coarse fraction (size 0.02-2 mm) is typically purged from the kaolinite enrichment process and no use has so far been found for it. This study aimed at the characterization of the remaining coarse fractions of kaolin clay and the discussion of their potential applications in water and wastewater treatment as low-cost adsorbents or as a raw material for other uses. The coarse fractions differed from each other mainly with respect to their iron content: Poskimäki (PM) sample contained a considerable amount of iron species whereas Pihlajavaara sample (PV) only contained a small amount of iron. Besides comparing coarse fractions from different deposits, this study was also investigated the effects of two fractionation methods (wet and dry) and annealing of the sample on the properties of coarse fractions. Wet fractionation was carried by sedimentation and dry fractionation was performed using a Micropulva counter-pressure jet pulverizer. The difference between these two fractionation methods arises from the fact that dry fractionation may mill harder minerals to a smaller particle size to some extent. In wet fractionation, the crystals and minerals that are held together by water-soluble substances, or chemically by weak bonds, tend to break apart in water. The coarse fractions were characterized for their mineralogy, surface area, cation exchange capacities, particle size, and surface charge properties by zeta potential measurements. In addition, the dissolution of various elements from the coarse samples was studied at different pH conditions.
Materials and methods

Pre-treatment of clay samples
Clay samples were collected from two locations in Puolanka, located in the Kainuu region of Finland: Pihlajavaara (PV), 64°48', and Poskimäki (PM), 64°38'. The pre-treatment of the samples was performed either by wet fractionation or dry fractionation. In the wet fractionation (wf) method, the samples were first passed through a 2 cm sieve and then through a 2 mm sieve. The < 2 mm fraction was wet fractionated by sedimentation. First, 20 kg of clay sample was added to 100 L of water and mixed for three hours at 60 rpm. Then the suspension was allowed to settle for 12 minutes and 12 s before separating the settled sediment from the solution. The fine fraction (< 20 µm), remaining in solution, was used for another purpose. The coarse fraction (20 µm-2 mm), sedimented, was used in this research. The coarse fraction was dried for 48 hours at 150°C. After that, the samples were ball milled with steel grinding balls (50 mm in diameter). Particle sizes were verified with particle size analyses. In the dry fractionation (df) method, the samples were first sieved to obtain a 0-1.5 mm fraction. The < 1.5 mm fraction was milled using a Micropulva counter-pressure jet pulverizer. The sample was circulated through an air spray at 150°C to separate the fine and coarse fractions. The product quality was controlled by an air classifier. The coarse fraction had a particle size distribution approximately between 63 µm to 1.5 mm. The wet and dry fractionated PV clay samples were light grey and PM samples were light brown in appearance. After wet or dry fractionation, half of the sample was annealed (these samples are later referred as "a") at 800°C for 4 hours in an air atmosphere. Commercial metakaolinite, Metamax (BASF), was used as a reference material throughout the study.
Properties of clay samples
Mineralogical analyses by X-ray diffraction (XRD) were performed with a Siemens D5000 diffractometer (Siemens, Karlsruhe, Germany) equipped with a copper target Xray tube, using a 40 kV voltage, and 40 mA current. The samples were measured at room temperature in the 2-theta range from 4°to 60°with a step size of 0.01°and a step time of 0.5 s. The phases were identified using DIFFRAC plus EVA software and ICDD data file (rev. 2006). Chemical compositions were determined by X-ray fluorescence (XRF) analysis. A quantity of 7.5 g of powdered sample was mixed with beeswax and pressed into a pellet using 10 metric tons of pressure. The sample pellets were analyzed on a Bruker AXS Pioneer S4 X-ray fluorescence spectrometer (Karlsruhe, Germany) using Spectra plus software. Cation exchange capacities (CEC) were determined by ammonium acetate extraction, performed in duplicates for each sample [7, 8] . The specific surface area (SSA) of the clay samples was measured by the BET nitrogen adsorption technique with an ASAP 2020 surface area and porosity analyzer (Micromeritics). Particle size distributions were measured with an LS 13320 Laser Diffraction particle size analyzer (Beckman Coulter) equipped with a universal liquid module and using the Fraunhofer model (including PIDS, Polarization Intensity Differential Scattering) for data analysis. The equipment is capable of measuring particle sizes ranging from 0.04 to 2000 µm. About 800 mg of the clay sample was diluted in 100 mL of water and the solution was kept in ultrasound for 2 minutes (35 kHz). After that 2-4 mL of sample was pipetted for analysis. The pre-treatment of the sample was performed twice. The particle size distributions are reported as an average of three runs.
Zeta potential measurements
This study investigated the effect of clay concentration and salt concentration on the zeta potential. The zeta potential and conductivity measurements were made with the Coulter DELSA 440SX (Beckman Coulter, Miami, FL, USA), which is based on Doppler electrophoretic light scattering (ELS). DELSA calculates the zeta potential of particles in a size range of 0.01 to 30 µm. At least two measurements with appropriate current or voltage were analysed with DELSA, and the average and standard deviation are reported. The clay suspension in all the experiments was made by adding a certain amount of the sample to 100 mL MQ water and mixing it for 2 hours at 300 rpm. After that the suspension was left to equilibrate over-night. After 20 hours the suspension was mixed for a few minutes, centrifuged (10 min, 500 G), and the supernatant was sampled for analysis. The sample pH was measured before the zeta potential measurements. As the zeta potential was measured as a function of clay concentration, the clay concentration was varied between 0.5 to 10 g/L. The effect of salt concentration on zeta potential was studied with a 1 g/L clay concentration at natural pH values and varying NaCl concentration between 0.0001 to 1 M.
Leaching experiments
In the leaching experiments, 0.2 grams of sample was weighed in an acid washed bottle. To it 200 mL of MQwater was added and the pH was adjusted with NaOH or HCl. The pH range studied ranged from pH 2 to pH 10 for all elements, and pH 12 only for Al and Si measurements. Bottles were placed horizontally on a shaker and agitated (at approximately 60 rpm) for 20 hours. Then the samples were left standing to allow the clay material to settle, and after 30 minutes the supernatant was pipetted for analysis. Al, Si, Ca, Mg, K, Cd, Co, Fe, Mn, Cr, Ni, Cu, Zn, Pb, Ba were measured from the supernatant by inductively coupled plasma optical emission spectrometry (ICP-OES, Perkin Elmer Optima 5300 DV). The argon flow rates were 15 L/min for the plasma gas, 0.2 L/min for the auxiliary gas, and 0.8 L/min for the nebulizer gas. The radiofrequency power was 1300 W. The sample was pumped with a flow rate of 1.5 mL/min. Table 1 shows the XRF, CEC, and SSA results for all the clay samples. The SiO 2 /Al 2 O 3 ratio was high for all the samples (3.8-6.2) as compared to Metamax (1.1). The explanation for this is the enrichment of kaolinite group minerals to the fine fractions, which has been verified by the XRF and XRD analyses of the fine fractions. Fig. 1 and 2 show the XRD patterns for wet fractionated samples and the corresponding annealed samples. The XRD patterns of the dry fractionated samples were similar to those of the wet fractionated samples. According to the XRD analysis, illite and quartz were identified in all PV and PM samples. From the kaolinite group, kaolinite (or dickite) was identified in all the non-annealed samples, and nacrite was observed only in PM-wf and PM-df. On the grounds of the XRD analysis, it was not possible to definitely state whether the samples contained kaolinite or dickite or both. Kaolinite polymorphs include dickite, nacrite and halloysite. They have the same composition as kaolinite but different crystal structures. In the following discussion it is assumed that the mineral present was kaolinite. Microline intermediate and anorthite were possibly present in the samples in minor quantities.
Results and discussion
Chemical composition, mineralogy, CEC and SSA
The kaolinite found only in the non-annealed PV and PM samples transformed into an amorphous metakaolinite after annealing (800°C). The major difference between the PV and PM samples was the iron content. PM contained 8.9-10.7% FeO whereas PV contained only 0.8-1.3% FeO ( Table 1 ). The wet fractionated samples had a higher content of iron than the dry fractionated samples. The amount of amorphous material was low according to XRD and the iron was not observed in the non-annealed samples using XRD. Some iron was probably attached to the minerals for example as nanophases, which may nucleate and grow on the surfaces of other phases [9] . A major portion of iron was probably attached to the minerals by replacement of other elements. Furthermore, according to XRD analyses, the Fe compounds transformed into hematite (Fe 2 O 3 ) upon annealing of the PM samples. The amount of adsorbed metal ions correlates well with the cation exchange capacities and surface area of kaolinites [10] . A lower CEC means that there are less exchangeable sites available. Therefore, one might conclude that the PM samples are better adsorbents than the PV samples according to the CEC and SSA results ( Table 1 ). The CEC of the samples were low, typically < 1 meq/100 g. PM-wf had the highest CEC (3.4 meq/100 g) while it was somewhat lower for PM-df (2.5 meq/100 g).
Typically kaolinites have a CEC of around 3-15 meq/100 g [11] . CEC is strongly affected by particle size in the case of kaolinites, whereas there is a smaller impact with illite and smectite clays due to charge sources [12] . The annealing of the samples decreased the CEC. Metamax had a low CEC due to annealing. The SSA of kaolinites has been reported to be about 10-20 m 2 /g [13] . The SSA of the PV samples (2.7-5.8 m 2 /g) was lower than for the PM samples (13.6-22.1 m 2 /g). The low SSA of the PV samples can be attributed to the low amount of kaolinite in those coarse fractions. Quartz has a low SSA (e.g. 0.9 m 2 /g according to Shvarzman et al. [14] ) whereas amorphous SiO2 has a higher SSA (40-264 m 2 /g according to Buffle [13] ). The higher SSA values measured in the PM samples were probably due to iron species that have a higher surface area. For some pure Fe-containing compounds, the following surface areas have been reported: 32-71 m 2 /g for α-FeOOH, 18-45 m 2 /g for α-Fe 2 O 3 and 160-700 m 2 /g for amorphous Fe(OH) 3 [13] . The SSA of natural iron oxide-coated sand from Tunisia has been found to be 6.97 m 2 /g [5] , which is lower than the SSA of the PM samples. Artificially iron coated sorbents have been reported to have lower SSA (< 3.4 m 2 /g) than naturally coated sorbents [4, 15] . The SSA was higher after the dry fractionation of PV samples than wet fractionation, whereas with the PM samples it was the opposite. Annealing decreased the SSA in all cases. Shvarzman et al. [14] reported that the surface area of kaolin clay (approximately 75% kaolinite, 23% quartz and 2% anatase) reached a maximum at 600°C (17 m 2 /g), but decreased at higher temperatures. This can be explained by crystallization, which reduces the free surface of the material. at 16 µm in particle size distribution and another smaller peak at 130 µm. The third peak was detected only in the other sample. PM-wf had more particles of different sizes; the maximum was at 88 µm, but there were also peaks at 35 µm, 12 µm, and 2 µm. The fractionation method had only a minor effect on particle size. The annealing of the PV samples increased the proportion of 130 µm particles (both PV-wf and PV-df). In the PV-wf case, the main peak at 16 µm was shifted to about 27 µm. Also, with PM-wf, an increase in the amount of larger particles was observed after annealing but not with PM-df.
Particle size
Zeta potential
Surface charge was evaluated by zeta potential measurements. In water and wastewater treatment applications, it is important to know the zeta potential of the water that has to be treated as well as the surface charge properties of chemicals used for the treatment. The formation of surface charge on clays includes isomorphous substitution in the crystal lattice, lattice imperfections or defects, and ionization of surface groups [12] . An example of isomorphous substitution is the replacement of Si 4+ with Al 3+ resulting in a permanent negative charge. If the lattice is deficient in Al 3+ , it will lead to a net negative surface charge [12] . Ionization of surface groups usually results in a net negative charge (O 2− and OH − groups) at natural pH values and the charge depends on the pH. This kind of charging depends on the availability of hydroxide groups, and thus the pH of the environment is the determining parameter for the quality of surface charge. The ionization of surface groups is the chief source of the surface charge for kaolinite, unlike with illites and smectites [12] , thus the pH plays an important role in adsorption tests. Firstly, the proper clay concentration (0.5-10 g/L) was studied. Typically, the zeta potentials were negative at natural pH values (pH was not adjusted) and varied slightly with concentration. Alkan et al. [16] found the isoelectric point (IEP) of purified kaolinite to be pH 2.35 (negative zeta potential pH > 2.35). SiO 2 has an IEP at pH 2 [13] . For iron species, the IEP is at a higher pH. According to the literature review by Kosmulski [17] , the IEP can vary in the range of 5.5-8.9 for hematite (Fe 2 O 3 ) and 6.2-9.6 for goethite (FeOO) According to the literature review by Kosmulski [17] , the IEP can vary in the range of 5.5-8.9 for hematite (Fe 2 O 3 ) and 6.2-9.6 for goethite (α-FeOOH). The variation in the point of zero charge (PZC) and IEP values in the literature is often due to different purity levels of samples. The results were not always predictable, which was probably due to the non-homogeneous nature of the material from Pihlajavaara and Poskimäki. Besides negative zeta potential values, a few positive zeta potentials were observed for the following samples: PV-df, PV-df-a, PM-wf and PM-df. With DELSA it is possible to detect populations with distinctly different zeta potentials. Because in these experiments only the colloidal fraction of clay suspensions was measured, positive zeta potentials might have arisen from positive iron hydroxyl complexes as a result of the enriched iron in the colloidal fraction. In these experiments the pH varied between 5.2 and 8.9. Positive zeta potentials were found at pH 5.2-6.0. The colloidal fraction of PM-df and PM-df-a samples was so minor that sometimes the zeta potential was not measurable. The higher sample concentrations in the range studied did not increase the colloidal fraction. Thus a 1 g/L clay concentration was selected for further measurements. Fig. 5 and 6 present the zeta potential of clay samples for increasing salt concentrations: from 0.0001 to 1 M NaCl solution. The conductivity of kaolin suspension in 0.1 M NaCl was about 11 mS/cm, which is higher than the conductivity of many industrial streams and wastewaters. For all samples the zeta potential could not be detected when the concentration of NaCl was 1 M. It is most likely that the colloids aggregated in the high salt concentration. Monovalent ions (like Na + and Cl − ) are indifferent ions that cannot adsorb specifically onto kaolinite and therefore are not able to cause charge reversal, but they can compress the electrical double layer [16] . The zeta potential of the clay samples was negative from 0.0001 to 0.1 M NaCl, and usually there was no clear trend between the samples. The zeta potentials of PV-wf and PM-wf did not change significantly at this concentration interval. For Metamax, PV-wf-a, PM-wf-a, and PM-df, the variation of zeta potential was somewhat higher, and even higher for PV-df-a and PM-df-a. Only for PV-df, the zeta potential increased steadily with an increasing salt concentration. For 0.1 M NaCl concentration, the samples of PV behaved similarly (between −24 and −46 mV) and the samples of PM were even more indifferent (between −21 and −28 mV). With PM samples, the fractionation method did not seem to have an effect on the zeta potential. The zeta potentials of PV-df samples were more negative than the corresponding values of wet fractionated samples. The colloidal fraction probably consisted mainly of kaolinite or metakaolinite. At the studied pH, the hydroxide groups at surface were ionized (O2 − and OH − ), giving a net negative charge. Potentiometric titrations could be more suitable for evaluating the surface charge of the particle fraction [18] , as they describe the proton charge at the surface [19] .
Leaching as a function of pH
In order to use these clay samples in water or wastewater treatment or as a raw material for other products, it is essential to know how much of the different elements present in the material can be dissolved at different pH values. Aluminum was dissolved mostly at pH 12 (6.5-21.5 mg/L) from the coarse samples, whereas 106 mg/L was dissolved from Metamax (Fig. 7) . A lower amount was also dissolved at pH 2 (≤ 3.4 mg/L from coarse samples, 16 mg/L from Metamax) and pH 10 (≤ 5.8 mg/L from coarse samples, 18 mg/L from Metamax). Silicon was dissolved at a high pH (5.8-34 mg/L from coarse samples, 94 mg/L from Metamax). Dry fractionated samples of PV dissolved more Al and Si than the wet fractionated samples at a high pH. With PM, the fractionation method did not affect leaching of these elements. Only minor amounts of iron were dissolved from the PV samples (≤ 0.3 mg/L) whereas 5.6 and 6.9 mg/L, respectively, was dissolved from PM-wf and PM-df samples at pH 10 (Fig. 8) . Annealing the PM samples decreased the dissolution of Fe. As iron changed to hematite upon annealing, it was attached more strongly to other minerals and less available for leaching.
At pH values 2-6, the dissolution of Fe was low (≤ 1.2 mg/L). As such, the iron in the PM samples is thought to have been tightly bound to aluminum silicates and/or quartz, due to the low amount of Fe at pH 2. At that pH, it is normally expected that all the free iron should be soluble. Had all Fe been dissolved at pH 2 from the PM-wf sample, an 80 mg/L Fe result should have been detected according to the chemical composition determined by XRF, but the measured value was only 0.3 mg/L. At higher pH values (> 4), the presence of insoluble Fe(OH) 3 controls solubility. About 1-2 mg/L of potassium was dissolved at pH 2 from all the samples, while at a higher pH the dissolution was less. Only a slight dissolutions were observed at pH 2 for calcium (≤ 0.6 mg/L), magnesium (≤ 0.3 mg/L, also at pH 10 for PM samples) and manganese (≤ 0.3 mg/L). Other elements (Cd, Co, Cr, Ni, Cu, Zn, Pb and Ba) were consistently below 0.1 mg/L. In summary, very low amounts of the elements studied were dissolved at natural pH values. As a precautionary measure, the material could be washed until runoffs are clear prior to use in water treatment or other applications.
Potential applications of coarse clay materials
The high iron content of non-annealed Poskimäki samples could enable utilization of these materials in coagulation and flocculation applications, as a (partial) replacement to the iron chemicals, if the iron were to detach easily and cost-effectively from samples. In water and wastewater treatment, solid Fe(OH) 3 can sweep down colloidal material from the wastewater during settling. At natural pHs, the amorphous Fe(OH) 3 stays mostly solid, but also forms positive iron hydroxides in solution. Positive iron hydroxides can neutralize anionic particles and form settleable flocs [20] . Another application to utilize the iron content of the PM samples as well as the high quartz content of the PV and PM samples would be to prepare iron oxide-coated sands. These materials are suitable for adsorbing various materials such as arsenic [21, 22] , phosphorus [4] , nickel and copper [5] , aromatic compounds [15] , and natural organic matter (NOM) [23] . This could also be carried out by modifying their surface using cationic surfactants to enhance the removal of organic compounds, especially hydrophobic types [23] . The PM sample as such was quite similar than the Tunisian iron oxide-coated sand investigated by Boujelben et al. [5] . The Tunisian material had a higher iron content (16.6% FeO) and lower Al 2 O 3 content (10.8%). The SiO 2 content was at similar level. The particle size distribution was at a wider range for the PM samples, containing a greater number of smaller particles. At pH < PZC, anions could be bound by electrostatic attractions to the studied PM samples.
Both PV and PM coarse fractions could possibly be utilized as coagulant aids to improve settling of flocs. Song et al. [24] used coarse calcite particles (38-74 mm) to enhance arsenic removal with ferric ions. The addition of clay improved the efficiency of phosphate removal and lowered the required alum dose by forming Al(OH) 3 -clay particles, which adsorbed the phosphate during settling [25] . The addition of clay can be practical also for waters containing low turbidity [26] . PV coarse fraction could also be used as a raw material for quartz due to its high quartz content. In water and wastewater treatment quartz is typically used in sand filtration to remove suspended solids.
Conclusions
The wet fractionated samples of PM had higher CEC and SSA than the dry fractionated samples; with the opposite was the case for PV. The surface areas (2.7-5.8 m 2 /g) and CEC (0.3-0.8 meq/100g) of the PV samples were low due to a high proportion of quartz in the sample. Higher surface areas (13.6-22.1 m 2 /g) and CEC (0.6-3.4 meq/g) of the PM samples were attributed to the iron species present. Annealing (800°C) decreased both the surface areas and the CEC. The fractionation method had only a minor effect on particle size distributions. The annealing of wet fractionated samples increased the fraction of larger particles. PV and PM suspensions had negative zeta potentials at natural pH values. With PM samples, the fractionation method did not seem to have an effect on the zeta potential. The zeta potentials of PV-df samples were more negative than the corresponding values of wet fractionated samples. Increasing the salt concentration had no effect on the zeta potential with wet fractionated PV and PM samples, whereas with other samples some variation was observed. Very low amounts of elements (Al, Si, Ca, Mg, K, Cd, Co, Fe, Mn, Cr, Ni, Cu, Zn, Pb, Ba) were leached at natural pH values. The high iron content of PM samples could be utilized to replace iron chemicals or as a raw material of iron oxidecoated sand preparation. The wet fractionated PM samples had a higher content of iron than the dry fractionated PM samples. The Fe compounds transformed to hematite in the annealing stage. Both PV and PM could possibly be utilized as coagulant aids to improve settling of flocs.
